Abstract-Constant margin-angle control is a triggering scheme that can eliminate the commutation failure and increase the power factor and efficiency of commutatorless motors. The described scheme does not need to detect the margin angle, but the dc current and overlap angle are detected instead. The margin angle is controlled by using a correction table of the lead angle in terms of the dc current, which provides a practical solution to implement the constant margin-angle control. The problems introduced by the scheme, the occurrence of instability and commutation failure, are discussed, and methods to eliminate them are presented. Experimental results confirm the validity of this scheme.
INTRODUCTION
T HE commutatorless motor (CLM) is a synchronous motor 1 fed by a current source inverter, where the constant margin-angle control scheme has been proposed for the improvement of the motor performances, i.e., elimination of commutation failure and increase in power factor and efficiency [1] , [2] .
There are two ways to implement constant margin-angle control.
1) The margin angle 6 is detected and is directly controlled [3] .
2) The dc link current Id is detected and 6 is indirectly controlled by using a function generator [1] , [2] or a correction table [4] in terms of Id. The first way seems to be better because 6 can be kept constant in a transient state as well as a steady state. However, detecting a over a wide speed range is difficult, since ripple voltages generated by a rectifier appear in the terminal voltages of CLM and disturb to detect the zero crossing point of the terminal voltages [3] . On the other hand, the second way is considered to be more practical and applicable to adjustable CLM drives because the detection of 6 is not needed. References concerning the second way dealt with a steadystate performance, but a transient performance is also important to put the scheme to a practical use.
In this paper the second way, mainly under a transient state, is treated, in which the overlap angle u is detected and used to improve the transient performance of CLM. The entire speed
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S. Sasaka is with the Nippon Steel Corporation, Mororan Works, Midorigaoka-Dai-2-Ryou, 1-2-21, Muroran, 050 Japan. IEEE Log Number 8714613. regulator system is illustrated in Fig. 1 The constant-6 control scheme using the table raises two problems that must be elucidated and solved to put the scheme to a practical use. The first problem is the problem concerning instability.
The constant-6 control scheme has intrinsic instability. This is due to the voltage drop in induced voltage during the commutation period [5] . In this paper, the Routh-Hurwitz criterion is applied to the linearized CLM equations with constant-6 control, and stability investigations are made at every operating point in the current-versus-speed plane. The results show that CLM becomes unstable in heavy-load and/or high-speed operation. A method to stabilize the CLM system is presented.
The second problem concerns the transient behavior of the margin angle. Since Table I (6) In the constant-6 control scheme, the lead angle 0% is increased with an increase in dc current Id. That is, (7) This means that the dc counter EMF is decreased as the dc current increases, which is an intrinsic characteristic in the constant-6 control. If KS is large enough, the unstable behavior of CLM may occur. The saliency of the motor furthers this characteristic. The contents of Table I used in the constant-6 control loop are illustrated in Fig. 2 . The parameters of the tested CLM are given in Table I .
Equations (1)- (5) compensation is demonstrated by the feedback loop using with an increase in the dc current, as depicted by the broken line in Fig. 2 , therefore a stable region in the current-versusspeed plane can be obtained as Fig. 4 . It should be noted that the stability depends on the speed and dc current (therefore, load). As the speed becomes high and/or load becomes heavy, CLM is liable to be unstable.
B. Stabilization by Means of the EMF Compensation As described above, the instability of the constant-6 controlled CLM is caused by a decrease in the dc counter EMF with an increase in the dc current. The compensation of the decrease in the EMF can stabilize the system. The way of the kc=-(Edo -Ed)/N (8) and is illustrated in Fig. 5 , where Ed and Edo are the dc counter EMF under the steady-state conditions at load and at no-load, respectively.
Since the gain depends nonlinearly on the dc current, it has been tabulated as in Table II . Fig. 6 shows the loci of the principal roots of the linearized constant-6 controlled CLM characteristic equations with the EMF compensation. No root exists in the right half-plane, which indicates that the system is stabilized. Fig. 7 shows the step responses to A Vd = 8 V. The initial operating point is No = 485 rlmin, Ido = 2 A, which denotes a stable operating point. Fig. 7(a) is without compensation and Fig. 7(b) with compensation. In Fig. 7 (a) the transient attenuates slowly with oscillations, which suggests that the system is underdamped, whereas in Fig. 7(b) it decays quickly. Accordingly, it can be seen that the compensa- Step responses of dc current and speed to A V = 8 V. 
x where Io and Im denote a no-load and maximum permissible current, respectively, and T denotes the time constant of a step current response. It is noted that these two equations take account of the largest transient possible. Fig. 9 . They indicate that 6 has a sharp dent from its reference value when Id is increased. The dent becomes deeper as the speed is slower, and also becomes deep if the response of the currentcontrol loop is fast, which will cause failure in the commutation at the first commutation after Id is increased. In this situation in the experimental system, the constant-6 control is switched to the constant lead-angle control with (fi -u/2) = 500, and increasing Id is delayed by one sampling period when Id must be increased in accordance with a step rise in the speed reference. In this way the commutation failure can be avoided.
When Id is decreased as in (14), on the contrary the simulation results (not shown) indicate that 6 shows a sharp rise beyond the reference value, then reduces toward 200. Consequently, excepting the dent, the variations in 6 are all on the safety side in terms of the commutation.
IV. EXPERIMENTAL SYSTEM The configuration of the tested setup is illustrated in Fig.  10 , and the control block diagram is in Fig. 1 . There are three major control processing routines, all of which run on an interrupt basis.
The speed-control processing routine is illustrated in Fig.  11 . At first, speed error is calculated. When the error is smaller than a specified value, i.e., -n,, a regenerative braking mode is chosen as a control mode. In this mode the dc current is reduced to zero, then the motor side converter starts rectifier operation and the line side converter does inverter operation. Accordingly, the direction of the dc voltage is reversed and regenerative braking is performed. When the error is larger than n2, an acceleration with a maximum current mode is selected. In this mode the output of a current reference is suspended, and the margin-angle control routine undertakes its output instead. If this is the transition time to the acceleration mode from the other control mode, a transition index is set for processing to prevent the commutation failure.
In the case when the error is -nI < e < n2, the usual proportional/integral (PI) compensation is executed, and a current reference is given to the current controller. This routine runs every 8.33 ms.
In the current-control processing routine, the dc counter EMF compensation, PI compensation, and cos -' compensation are carried out. Finally the firing angle is fed to the gate pulse generators of the rectifier. This routine runs every 3.33 ms.
The margin-angle control processing routine is illustrated in Fig. 12 . At first, whether or not the present mode is the acceleration mode is checked. If it is, then whether or not the transition index has been set is checked. If the index has been set, the lead angle (/0 -u/2) is determined as 50°constant and the output of the current reference, the maximum value Im, is delayed by one sampling period during the acceleration. This processing means that the current is raised after the gate pulse of 50°is sent to the inverter thyristor. Thus the commutation failure in the case of a rapid increase in Id required by the speed controller can be prevented. If the control mode is PI action in the speed-control routine, the constant-6 control using the table is executed, and finally the lead-angle is fed to the gate pulse generators of the inverter. This routine runs every 60°in the rotor frequency. V. EXPERIMENTAL RESULTS Fig. 13 shows the responses to a step increase in the speed reference. The lead angle (130 -u/2) and current Id were maintained at 50°and 7.5 A, respectively, during the acceleration. Fig. 14 shows the responses to a step load change. Since a step load change could not be detected by the software used, the constant-6 control was in operation throughout the period. The commutation failure did not occur, although the speed was as slow as 300 r/min. This was mainly due to the fact that the time rate of the rise of the current caused by a step increase in the load was much slower than that caused by a step increase in the speed reference. However, if a heavier step load increase were required, this method might fail. To design gate pulse generators with a minimal delay time and to use them is the best solution for preventing the commutation failure. Fig. 15 shows the oscillogram in four-quadrant operation. Rapid speed reversal with stable regenerative braking was performed. Fig. 16 shows the characteristics of the torque, and that the constant-6 control scheme has an advantage over the constant lead-angle scheme. VI 
